The complex infection process of parvoviruses is not well understood so far. An important role has been attributed to a phospholipase A 2 domain which is located within the unique N terminus of the capsid protein VP1. Based on the structural difference between adeno-associated virus type 2 wild-type capsids and capsids lacking VP1 or VP2, we show via electron cryomicroscopy that the N termini of VP1 and VP2 are involved in forming globules inside the capsids of empty and full particles. Upon limited heat shock, VP1 and possibly VP2 become exposed on the outsides of full but not empty capsids, which is correlated with the disappearance of the globules in the inner surfaces of the capsids. Using molecular modeling, we discuss the constraints on the release of the globularly organized VP1-unique N termini through the channels at the fivefold symmetry axes outside of the capsid.
The complex infection process of parvoviruses is not well understood so far. An important role has been attributed to a phospholipase A 2 domain which is located within the unique N terminus of the capsid protein VP1. Based on the structural difference between adeno-associated virus type 2 wild-type capsids and capsids lacking VP1 or VP2, we show via electron cryomicroscopy that the N termini of VP1 and VP2 are involved in forming globules inside the capsids of empty and full particles. Upon limited heat shock, VP1 and possibly VP2 become exposed on the outsides of full but not empty capsids, which is correlated with the disappearance of the globules in the inner surfaces of the capsids. Using molecular modeling, we discuss the constraints on the release of the globularly organized VP1-unique N termini through the channels at the fivefold symmetry axes outside of the capsid.
For infection, nonenveloped viruses are involved in a number of interactions with macromolecular structures of the host cell that enable virus uptake, disassembly, and delivery of the genome. Such interactions not only implicate recognition of key elements required for cell entry and intracellular passage but also enable activities of viral proteins to overcome the barriers of the host cell. This is exemplified by the binding of viral capsids to cellular receptors, the active release from endocytic vesicles, the use of cellular filament systems for trafficking, and different kinds of delivery of the viral genomes to the cell nucleus (30, 60) . These processes are often supported by signaling events which reflect the reaction of the cell to the attachment and uptake of the virus (16) . The information for these interactions is maintained within the structure of the virus shell.
The infection process of adeno-associated virus type 2 (AAV-2) is initiated by attachment to the cell surface via binding to heparan-sulfate proteoglycan (53) . Upon interaction with a secondary receptor, either fibroblast growth factor receptor 1 or ␣V␤5 integrin (41, 52) , virions enter the cell by means of clathrin-coated pits (5) into the endosomal pathway. While a large number of viral particles seem to accumulate in perinuclear vesicular compartments (4), they have to escape into the cytoplasm for successful infection (21, 63) . Rac signaling and interaction with cellular filament systems have an impact on trafficking toward the nucleus (44) . There is increasing evidence that virions can enter the cell nucleus (5, 45, 63) , possibly by an as yet unknown pathway which is independent of passage through the nuclear pores (22, 63) . According to this scenario, the final uncoating reaction has to take place in the nucleus.
The AAV-2 capsid harbors a 4.7-kb linear single-stranded genome which contains two open reading frames coding for four nonstructural proteins and three capsid proteins (48) . They are flanked by two identical inverted terminal repeats. The nonstructural proteins have functions in the control of gene expression, in DNA replication, and in genome encapsidation (38) . The three structural proteins VP1, VP2, and VP3 are expressed from the p40 promoter via alternative splicing and an alternative start codon for VP2 in an approximate stoichiometry of 1:1:10 (8, 28, 43) . They share most of their amino acid sequences. VP1 and VP2 differ from VP3 only by N-terminal extensions of 65 amino acids common to VP1 and VP2 and further by 137 amino acids which are unique for VP1. While VP2 is dispensable for capsid assembly and infectivity of the virus in vitro (57) , deletion or mutation of VP1 leads to strongly reduced infectivity although capsid assembly and packaging of DNA is not impaired (26, 54, 57) . At least part of the decreased infectivity can be attributed to the loss of a phospholipase A 2 (PLA 2 ) catalytic domain and its activity. This domain has recently been identified in most parvoviral VP1 unique sequences (13, 14, 34, 66) . Mutation of amino acids in the catalytic center of the PLA 2 does not inhibit perinuclear accumulation in late endosomes or lysosomes, which suggests that this activity might be required in a following step of infection, possibly for endosomal release (14, 51, 66) . In addition, other signals affecting infectivity might be located on the VP1-unique region of AAV-2 in analogy to several autonomous parvovirus capsid proteins (36, 56) .
The icosahedral AAV-2 capsid is built up by 60 subunits of the three capsid proteins VP1, VP2, and VP3. Although the structure of the capsids has been established by X-ray crystallography (64) , one of the unresolved questions of AAV-2 as well of other parvoviral structures (1, 2, 46, 47, 65) is the localization of the VP1 N termini which harbor the PLA 2 domain. Based on the fact that globules in the interior of empty AAV-2 capsids showed a weaker protein density than the remaining capsid and had fuzzy edges, we speculated that these globules might represent at least part of the N termini of VP1 and VP2 (32) . Here, we provide genetically based structural evidence that the N termini of VP1 and VP2 are essential for forming these globules inside the capsid. Furthermore, we describe at the structural and biochemical level conformational changes that occur when the N termini of VP1 and VP2 become exposed to the outside.
MATERIALS AND METHODS
Immunological assays. Western blot analysis was performed according to standard methods (23) using the monoclonal antibody B1 (61), a peroxidasecoupled secondary antibody, and an enhanced chemiluminescence detection kit (Amersham, Buckinghamshire, United Kingdom).
For the dot blot assay, a nitrocellulose membrane was soaked in phosphatebuffered saline (PBS; 18 mM Na 2 HPO 4 , 11 mM KH 2 PO 4 , 125 mM NaCl) and inserted into a dot blot gadget (BRL, Pomona, Calif.). A total of 5 ϫ 10 9 capsids were incubated in 50 l of buffer (100 mM NaCl, 10 mM Tris-HCl [pH 7.5], 1 mM MgCl 2 ) at 37, 65, and 75°C, respectively, for 30 min and afterward applied to the nitrocellulose membrane. After sucking of the particles onto the membrane, they were incubated overnight in blocking solution (PBS, 6% milk powder, 0.05% Tween 20) at 4°C. Then the membrane was cut into strips and incubated for 1 h with hybridoma supernatant of the three antibodies A1 (recognizing the epitope KRVLEPLGL in VP1), A69 (binding to the epitope LNF GQTGDADSV in VP1 and VP2), and A20 (recognizing intact capsids) (62) diluted in blocking solution (A1 and A20 at 1:10, A69 at 1:20). After washing of the stripes with PBS-0.05% Tween 20 three times for 15 min, they were incubated with a secondary peroxidase-coupled goat anti-mouse antibody (dilution of 1:5,000 in blocking solution) for 1 h at room temperature (RT). Proteins were detected by means of the enhanced chemiluminescence kit (Amersham).
Preparation and purification of wild-type AAV-2 capsids. AAV-2 virus was produced as described previously (61) and purified from freeze-thawed lysates of infected cells according to a published protocol (24) . The purified viral capsids were concentrated up to 1 ml by using a concentrator (Vivaspin; 10 kDa cutoff), refilled twice up to 5 ml with PBS to change the buffer, and concentrated again to a volume of 150 to 200 l.
Alternatively AAV-2 particles were produced by transfection of 293T cells with the plasmid pDM in which the rep-cap open reading frame of plasmid pDG (18) had been replaced by the full-length AAV-2 genome. Viruses were purified as described above, and the number of full capsids was further enriched by using a continuous iodixanol gradient (40) . Gradient fractions containing predominantly full capsids were collected based on their refraction index, diluted 1:5 with buffer (100 mM NaCl, 10 mM Tris-HCl [pH 7.5], 1 mM MgCl 2 ), and concentrated in a Vivaspin concentrator up to 1 ml. The concentrator was refilled twice up to 5 ml and concentrated again to 1 ml. The number of particles in the sample was determined by a capture enzyme-linked immunosorbent assay using microtiter plates precoated with the monoclonal antibody A20 as described previously (16) .
Construction and production of recombinant adenoviruses expressing the AAV-2 cap gene. To create the ⌬VP1 and ⌬VP2 mutants, the plasmid pJ407 containing AAV-2 rep and cap sequences was used (31) . The mutations were introduced by means of the QuikChange site-directed mutagenesis system (Stratagene, La Jolla, Calif.). Thereby, the VP1 start codon was point-mutated from ATG to TTG and the VP2 start codon from ACG to GCG, respectively, by using the following primers: ⌬VP1A, 5Ј-CAATAAATGATTTAAATCAGGTTTGG CTGCCGATGGTTATCTTCC-3Ј; ⌬VP1B, 3Ј-GTTATTTACTAAATTTAGT CCAAACCGACGGCTACCAATAGAAGG-5Ј; ⌬VP2A, 5Ј-GGTTGAGGAA CCTGTTAAGGCGGCTCCGGGAAAAAAGAGG-3Ј; and ⌬VP2B, 3Ј-CCAA CTCCTTGGACAATTCCGCCGAGGCCCTTTTTTCTCC-5Ј. To construct pTAV2.0 ⌬VP1 and pTAV2.0 ⌬VP2, a HindIII-EcoNI and an EcoNI-BsiWI DNA fragment of the pJ407 plasmid containing the ⌬VP1 and ⌬VP2 mutations, respectively, were cloned into pTAV2.0 (25) (kindly provided by J. King, German Cancer Research Centre, Heidelberg, Germany).
To produce adenoviral transfer plasmids, a 1,064-bp SwaI-BsiWI fragment of pTAV2.0 ⌬VP1 respective of pTAV2.0 ⌬VP2 was cloned into pADRSVVP. The plasmid pAdRSVVP was generated before from pAdRSV␤gal (50) by replacing the lacZ cassette by the AAV-2 cap gene. Therefore, a HindIII-SmaI fragment including the AAV-2 cap gene was cloned from the plasmid pBS ⌬TR18 (58) into the bluescript plasmid pBSIISK (Stratagene). A ClaI-SmaI fragment from this new plasmid containing the cap gene was then cloned into the plasmid pAdRSV␤gal which had been digested with ClaI and EcoRV resulting in the plasmid pADRSVVP (kindly provided by D. Grimm, German Cancer Research Centre).
Recombinant adenoviral genome plasmids were generated by homologous recombination between the adenoviral transfer plasmids pAdRSVVP ⌬VP1 and pAdRSVVP ⌬VP2 and pTG3602⌬E3, a plasmid harboring the wild-type adenovirus type 5 genome except for the E3 region (10) . The recombination was done in Escherichia coli BJ5183 cells (20) . Therefore, pTG3602⌬E3 was digested with ClaI to linearize the plasmid and the transfer plasmids were digested with MscI. The 5.5-kb MscI fragment contained the mutated AAV-2 cap region and the adenoviral sequence necessary for the recombination. Recombinant viruses were produced by standard techniques (15) .
To determine the amount of infectious adenoviral particles, 293T cells (10 4 cells per well in a 96-well plate) were infected with 10-fold serial dilutions of recombinant adenoviruses. After 24-h incubation at 37°C and 5% CO 2 , the medium was removed and the cells were washed (150 l of PBS/well). Afterward, the cells were treated with 100 l of precooled methanol and dried at RT. The cells were incubated overnight with 100 l of hybridoma supernatant of antibody A30 per well (61) and washed three times with PBS before incubation with goat anti-mouse cy3 antibody (1:200 diluted in PBS). After two more PBS washings, 50 l of H 2 O was added to each well before detection of the infected cells by immunofluorescence microscopy. The virus was propagated until the lysate contained at least 10 8 virus particles per ml. Preparation and purification of mutant empty AAV-2 capsids. AAV-2 mutant empty capsids were produced and purified as described previously (17, 49) with the following modifications. Four pellets of approximately 10 7 293T cells, infected with a recombinant adenovirus expressing either VP1 and VP3 or VP2 and VP3 of AAV-2, were thawed and each was resuspended in 1 ml of PBS with 0.035 mg of PMSF/ml, 0.009 mg of pepstatin/ml, and 0.006 mg of leupeptin/ml. After the first sucrose cushion, the pellet was resuspended in 300 l of buffer (50 mM Tris [pH 7.5], 5 mM MgCl 2 , 5 mM MnCl 2 ), shaken for 30 min at RT, and then digested again for 30 min with DNase (final concentration, 50 g/ml) and RNase (25 g/ml). The reaction was stopped with EDTA (final concentration, 10 mM). Afterward, the extract was loaded again onto a double sucrose cushion of 200 l of 50% sucrose and 200 l of 30% sucrose in 10 mM Tris-HCl-1 mM EDTA, pH 8.0, and centrifuged for 2.5 h at 130,000 ϫ g at 4°C (Combi Plus ultracentrifuge, Beckmann rotor TLS-55). The final pellet was resuspended in 0.1 M NaCl-10 mM Tris (pH 7.5)-mM MgCl 2 and stored at 4°C or frozen at Ϫ20°C for long-term storage.
Sucrose gradient centrifugation. A total of 10 11 capsids in 50 l of PBS-MK (18 mM Na 2 HPO 4 , 11 mM KH 2 PO 4 , 125 mM NaCl, 1 mM MgCl 2 , 2.5 mM KCl) were treated at different temperatures (37, 65, and 75°C) for 30 min before storing them for 5 min on ice. After the addition of 100 l of PBS-MK containing 10 mM EDTA, the samples were loaded onto 10 to 30% sucrose gradients (sucrose dissolved in PBS-MK), which were produced by means of a gradient mixer. The gradients were centrifuged at 160,000 ϫ g (rotor SW41; Beckman). Fractions of 500 l were collected and transferred onto a nitrocellulose membrane via a dot blot gadget as described above. However, Tween 20 was used in neither the blocking nor the washing solution.
Electron microscopy and image processing. Freezing of the samples, electron cryomicroscopy, and image processing were carried out as described earlier (32) with some modifications as follows. Initial orientations of particles were determined using the map of empty capsids (32) as a reference. For the reconstruction of wild-type AAV-2 (incubation at RT and 65°C), no further refinements of orientations were performed. For the reconstructions of the empty mutant capsids ⌬VP1 and ⌬VP2, two refinements of orientations by using the present best map as reference were done. Resolutions were estimated by Fourier shell correlation. The different parameters for the various datasets are summarized in Table 1 .
Sorting particles. To distinguish empty and full particles in virus preparations, particle images were sorted into four classes according to their density profile by using IMAGIC 5 (55) . Particle images were centered by translational alignment to a common reference. The reference was generated by rotational averaging of the sum of all particle images. Centering of particles was repeated once. After centering, particle images were rotationally averaged, giving a representation of their density profile. These rotationally averaged particle images were classified into four classes by using the first two eigen images of the multivariate statistical analysis. The number of four different profiles was chosen arbitrarily and took into account that, besides empty and completely filled particles, intermediates were observed, which appeared to be only partly filled. These partly filled particles were predominantly sorted into the two groups of particles which had the intermediate density profile. Finally, icosahedral reconstructions of particle images grouped into the same class were calculated using the Medical Research Council package (12) . Spatial orientations were assigned as determined using cross common lines to the map of the empty capsid (see image processing). Standard deviation maps. For comparison of different reconstructions, standard deviations were used as described earlier (7) . In order to calculate standard deviation maps, the data were divided into four parts. From each part, an independent image reconstruction was calculated. This was done for wild-type, ⌬VP1, and ⌬VP2 empty capsids. Standard deviations were calculated for the partial datasets of the wild type, ⌬VP1, and ⌬VP2, as well as for the combinations of the wild type plus ⌬VP1 and the wild type plus ⌬VP2. The calculated standard deviations were used to color code the surface representations of the individual reconstructions by using AVS version 5.3 (Advanced Visual Systems Inc.).
Comparison of image reconstruction and atomic model. The size of the image reconstruction of empty capsids (32) was adjusted according to the catalasecalibrated magnification of the electron microscope. Then, the atomic model of the capsid of AAV-2 (64) (1LP3) was translated to the same origin and rotated into the same orientation as the image reconstruction. For comparison, a surface representation of the image reconstruction and the C␣ chains of the capsid proteins were explored using the graphics program O (29) .
Molecular modeling. The available X-ray structure of AAV-2 (64) contains only coordinates of the VP3 domain (residues 217 through 735). Since the spatial structure of the VP1 and VP2 domains is unknown, here, comparative methods modeling homologous proteins were applied to generate putative three-dimensional (3D) models of the missing VP1 part of AAV-2 (residues 1 through 216). For a 59-amino-acid-long part of VP1 (residues 44 through 103), a similarity to the PLA 2 fold has been described previously (66) . Based on this alignment and using the SWISS Model environment for comparative protein modeling (19), a spatial model was generated and subsequently relaxed using the GROMACS (35) package for molecular simulation. ProCheck (33), Whatcheck (27) , and an atomic nonlocal environment assessment procedure (37) were applied to check the reliability of the generated structures. The Protein Data Bank was searched for suitable 3D templates taking the residues 1 to 44 of AAV-2 as unknown sequence. The human immunodeficiency virus type 1 Nef protein (3) was the best matching template showing a sequence identity of 36% in 44 amino acids. For the AAV-2-VP1 sequence from residues 118 through 200, a sequence identity of 31% with the human immunodeficiency virus type 1 Tat protein was found. Both models were generated using the approach described above for the PLA 2 fold and subsequently manually connected and relaxed.
The VIPER service (42) has been used to construct a part of the virus capsid, where domains forming a threefold-twofold-threefold symmetry were included. The remaining 16 amino acids between the Tat-like domain and VP3 (sequence from residues 201 through 216, NTMATGSGAPMADNNE) were constructed using the peptide builder option of INSIGHTII. Arbitrarily, one of the four VP3 domains forming the twofold symmetry was chosen and the hexadecapeptide was manually connected.
To demonstrate that it is geometrically possible, that the PLA domain can reach the outside of the capsid, the Tat-like domain was virtually unfolded by applying an additional force between its first (amino acid 104) and last (amino acid 200) residue. Thus, a slow unfolding of the domain extending a distance of about 100 Å-the roughly estimated distance, which has to be covered so that the PLA domain can be displayed outside the capsid-during a 1-ns-long simulation was achieved. This structure was manually attached to the same VP3 domain at the twofold symmetry as used for the inside model. The unfolded part of the Tat-like domain was manually oriented in such a way that it fit through the channel at the fivefold symmetry.
RESULTS
Deletion of VP1 or VP2 results in loss of the globules in the inner surface. To support the assumption that the globules visible at the twofold symmetry axes inside the capsids represent structures containing the N termini of VP1 and/or VP2 in AAV-2 capsids, mutants were generated by site-directed mutagenesis in which the expression of either VP1 or VP2 was suppressed. By means of recombinant adenoviruses, we isolated empty ⌬VP1 and ⌬VP2 capsids and analyzed their structures by electron cryomicroscopy. Western blot analysis of purified capsid preparations confirmed the complete deletion of one of the VP proteins in each mutant (Fig. 1A and B) .
For more detailed structural information, we calculated 3D maps of both ⌬VP1 and ⌬VP2 capsids from electron micrographs. There was no significant difference visible regarding the outer surfaces of empty ⌬VP1 and ⌬VP2 capsids compared to wild-type capsids (Fig. 1D) . However, the globules at the twofold symmetry axes found inside empty wild-type capsids which were tentatively attributed to the N termini of VP1 and VP2 (32) were missing in both of the mutant particles ( Fig. 1E  and F) .
The relevance of these differences was checked by calculating standard deviations, which were used to color code the surfaces of different image reconstructions (Fig. 2) . The reconstructions of wild-type and ⌬VP2 capsids had significantly less variability than the reconstruction of ⌬VP1 ( Fig. 2A through  C) . In order to highlight differences between the different maps, standard deviations of wild-type empty capsids together with reconstructions of mutant empty capsids (either ⌬VP1 or ⌬VP2) were calculated. Here, differences were considered significant if the standard deviation calculated from wild-type and mutant reconstructions were larger than the standard deviations of the individual reconstructions. For both mutants, structural changes occurred mainly on the inside of the capsid while the outer surface remained more rigid. For both mutants, the largest differences to the wild-type empty capsids were the missing globules at the twofold symmetry axes ( Fig.  2D and E, indicated in red and yellow). Furthermore, the entrance to the channels at the fivefold axes at the inner surface changed (indicated in yellow) and, according to difference maps (data not shown), was narrower in the mutants.
Heat induces exposure of the N-terminal stretches of VP1 and possibly VP2 in DNA-containing wild-type AAV-2 capsids.
The N terminus of VP1 of autonomous parvoviruses can be exposed by treatment at a high temperature or with urea without disintegration of the capsid (9, 11, 56, 59) . The exposure of VP1 and possibly also VP2 N termini upon heat treatment was analyzed for full and empty AAV-2 capsids. To investigate the accessibility of the N termini, the capsids were applied to nitrocellulose membranes in a dot blot assay using the antibodies A1 (anti-VP1), A69 (anti-VP1 and VP2), and A20 (detecting intact capsids) (Fig. 3) . Empty capsids did not react with the N-terminal antibodies A1 and A69 after incubation at 37 or 65°C, whereas the A20 antibody was able to bind to its epitope (Fig. 3A) . Incubation at 75°C led to denaturation of the capsids, which resulted in loss of the A20 antibody binding and a strong reaction with the A1 and A69 antibodies. Full capsids showed a slight reaction with the N-terminus-specific antibodies already at 37°C. This reaction strongly increased after incubation at 65°C, whereas the reaction of the A20 antibody was maintained (Fig. 3B) . At 75°C, the A20 antibody could not detect its epitope anymore while binding of the antibodies A1 and A69 did not change. Thus, treatment of DNA-containing capsids at 65°C is followed by accessibility of the N termini of VP1 and possibly also VP2. However, it is not clear from this experiment if intact capsids expose the N termini or if populations of native capsids, subfragments, and single subunits coexist at 65°C and generate the observed experimental results.
To distinguish between these two possibilities, viral DNA containing capsids were analyzed by using continuous sucrose gradients. Such gradients allow the simultaneous detection of full and empty capsids, as well as individual subunits sedimenting at 110S and 60S and below 20S respectively. The accessibility of the N-terminal stretches of VP1 and VP2 at the different levels can be tested by using a dot blot assay with the antibodies A1 and A69. Capsids were detected after incubation at 37°C in fractions 4 through 13 (A20 reaction), corresponding to full capsids which sediment at about 110S (39) . Antibody A69 also showed a faint reaction detectable in fractions 5
FIG. 2. Surface representations of 3D image reconstructions of empty wild-type, ⌬VP1
, and ⌬VP2 capsids including standard deviations. Standard deviations were calculated for wild-type, ⌬VP1, and ⌬VP2 empty capsids each, as well as for the combinations wild type with ⌬VP1 and wild type with ⌬VP2 as described in Materials and Methods. These standard deviations were used to color code the surface representations of the individual reconstructions (A through C) or, in the case of combinations, the reconstruction of wild-type capsids (D and E). Features with larger differences appear red, whereas smaller differences are shown in yellow. Mapped are part of the outer surface (left) and part of the inner surface (right). The view is always direct down a twofold symmetry axis.
FIG. 3.
Full capsids undergo a conformational change after treatment at 65°C. AAV-2 capsids were incubated at 37, 65, and 75°C for 30 min. Thereafter, empty (A) and full (B) particles were applied to a nitrocellulose membrane. N-terminal epitopes were detected using antibodies A1 (anti-VP1) and A69 (anti-VP1 and VP2), and capsids were detected using antibody A20. Enriched full AAV-2 capsids were fractionated after continuous sucrose gradients (10 to 30%) and analyzed as described above (C). Full capsids sedimented at about 110S, empty particles sedimented at 60S, and single subunits sedimented below 20S.
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on October 15, 2017 by guest http://jvi.asm.org/ through 11, while the reaction with A1 was below the detection limit. Incubation at 65°C led to an increase in the reaction with A69 and A1 at the 110S position clearly indicating the accessibility of the N-terminal epitopes in full capsids. This supports the interpretation that the majority of DNA-containing capsids undergo a conformational change where the N termini of VP1 and possibly of VP2 become accessible. An additional weak reaction of antibody A69 in fractions 19 through 21 (20S) indicated that some of the capsids were already destroyed. After treatment at 75°C, antibody A20 could not bind to its epitope anymore, while antibody A69 showed a reaction all over the gradient indicating not only dissociation but also aggregation of the capsid proteins.
Heat shock induces disappearance of the globules in DNAcontaining AAV-2 capsids. The observation of a difference in the accessibility of VP1 and VP2 N termini in empty and DNA-containing AAV capsids after heat treatment evoke the question of whether there is a difference at the structural level. Therefore, a mixture of wild-type full and empty AAV-2 capsids was investigated by electron cryomicroscopy. To distinguish between full and empty particles, the selected capsids from the micrographs were divided into four classes according to their density profiles (see Materials and Methods) (Fig. 4A) . Afterward, 3D reconstructions were calculated for each class (Fig. 4B) . The equatorial slices of the four reconstructions showed almost the same overall features. In particular, the globules at the twofold symmetry axes inside the capsid were present in empty (Fig. 4B, left) as well as in DNA-containing capsids (Fig. 4B, right) .
To understand the differences between empty and DNAcontaining capsids in more detail, we calculated difference maps. Here, the imaging of the two types of capsids on the same micrograph was advantageous because modulations of the image information introduced by the contrast transfer of the microscope and the background of the carbon support film were the same for both types of capsids. Therefore, these effects cancelled out in a difference map. A surface representation of the resulting difference map from DNA-containing capsid and empty capsid (blue) was superimposed to a surface representation of the empty capsid (yellow) (Fig. 5) . This superposition revealed that the globules at the twofold axes, which in empty capsids are formed only by protein, were deeply immersed in the difference density inside the capsid (Fig. 5, arrowhead) . We think that this difference density corresponds to DNA, which is not present in the empty capsids. In addition, at this level of resolution, the protrusions at the fivefold symmetry axes on the outer surface extended further in DNA-containing capsids than in empty capsids, indicating a slight rearrangement in the protein shell.
In order to see whether the different reactions of full and empty capsids after treatment at 65°C (Fig. 3) correlated with a change in the structure, particles were analyzed by electron cryomicroscopy. After incubation at 65°C, viral capsids were still intact and no subfragments were visible (data not shown). For 3D reconstructions, the selected particles were again grouped according to their density profiles. In empty capsids, the globules at the twofold symmetry axes were maintained (Fig. 4C) . In DNA-containing capsids, the globules were reduced, indicating a structural reorganization at 65°C. This result is in accordance with the accessibility of the VP1 and probably also VP2 N termini to specific antibodies (Fig. 3) .
Comparison of the image reconstruction of AAV-2 with the atomic model of AAV-2. Electron microscopy and image reconstruction is a valuable tool for obtaining structural information of variable less-rigid domains, which are not accessible to structural investigations by X-ray crystallography. Such variable domains are the N termini of the three structural proteins VP1, VP2 and VP3, which are not resolved in the crystallographic analysis of AAV-2 (64) . Superposition of the reconstruction of the empty capsid with the atomic model of the capsid (64) showed that indeed the globules at the twofold symmetry axes and their suspensions stretching toward the FIG. 4 . Equatorial slices of wild-type AAV-2 3D image reconstructions after incubation at RT and 65°C. Capsids were incubated for 30 min at RT and analyzed by electron cryomicroscopy. Selected particles were sorted into four classes according to their density profile (A) before 3D image reconstructions were calculated for each class (B). Wild-type AAV-2 particles were treated at 65°C, and image reconstructions were calculated as described above (C). Several of the symmetry axes are marked in white. fivefold symmetry axes were not matched by the atomic model (Fig. 6A ). This lent further support to the hypothesis that the globules were formed by the N termini of the three structural proteins. Another obvious difference was the organization of the channels at the fivefold axes, which in the electron microscopy reconstruction, opened to the inside of the capsid (Fig.  6B, right) , whereas in the atomic model, they opened toward the outside (Fig. 6B, left) . Molecular modeling of the N-terminal region. To get an idea of the possible fold of the N-terminal domains of VP1, molecular modeling was used. We could show that the VP1 model can occupy a space at the twofold symmetry axes similar to the globules (Fig. 6C ) observed in the image reconstructions of wild-type capsids. To answer the question, if it could be geometrically possible that the PLA 2 domain is exposed outside the capsid, the Tat-like part of the VP1 model (see Materials and Methods) was virtually defolded and oriented in such a way that a stretched part of this domain fit through a channel at the fivefold symmetry axes (Fig. 6D) . It could be shown that the channel provided sufficient space to allow the passage of one stretched protein chain of the N-terminal region (Fig. 6E) . This model would require a complete unfolding of the PLA 2 domain and would not allow the transit of the helical fold which is present in the PLA 2 domain. However, the different topology found for the channels at the fivefold symmetry axes in the image reconstruction and the atomic model (Fig. 6A) indicates that conformational exchanges can take place which may allow the thoroughfare of the helical folds.
DISCUSSION
We have shown that under physiological conditions, the globules on the inner surface of the AAV-2 capsid are genuine structural elements of empty and full capsids. The integrity of these structures requires the presence of VP1 and VP2 as demonstrated by the investigation of deletion mutants. According to the proposed stoichiometry of VP1:VP2:VP3 of 1:1:10, maximally one-third of the positions at the twofold The partly defolded VP1 domain was fitted into the channel at the fivefold symmetry. The backbone of residues located outside the capsid (amino acids 1 to 168) is represented as a ribbon and color coded with sequence succession from blue (residues 1 through 10) to red (residues 160 through 170). The atoms of residues modeled within the channel (amino acids 169 to 185) are given as space filled model representation using an atom color code (green, carbon; white, hydrogen; blue, nitrogen; red, oxygen). The backbones of residues inside the capsid (amino acids 186 to 209) are colored red and represented by a ball and stick model. The solvent-accessible surface of the four displayed VP3 units forming the channel is depicted in various grey tones. The fifth VP3 domain is not displayed to enable a view of how the defolded VP1 strand fits into the channel.
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on October 15, 2017 by guest http://jvi.asm.org/ symmetry axes could be occupied by VP1 or VP2 N termini. However, since the core density of the globules was comparable to the density of the protein shell ( Fig. 1F and 4B ), occupancy of the twofold axes close to 100% can be expected. This requires also that parts of the N termini of VP3, which are unresolved in the atomic model, are a component of the globules. Taking low occupancy and possible flexibility of the unique N termini of VP1 and VP2 into account, the size of the globules might still underestimate the true size required for accommodating the N termini. The presence of the globules on the inside of the capsid is linked to no or very low accessibility of the N-terminal domains on the outside of the capsids. Yet the N-terminal domain of VP1 carries a PLA 2 domain (66), for which accessibility is required for effective infection with AAV-2 (14) . Therefore, as in other parvoviruses like minute virus of mice, canine parvovirus, or porcine parvovirus, this N-terminal domain has to become exposed. For some parvoviruses, the release of the VP1 N-terminal domain can be triggered by heat shock or urea treatment (11, 56) in vitro. Here, we used heat shock to initiate the release of the N-terminal domain of AAV-2. We could show that the structural integrity of the capsids was maintained while the N termini became accessible and the globules on the inside disappeared ( Fig. 1D and 4) . As in minute virus of mice, this conformational change occurred only in DNA-containing capsids (11) . Comparison of empty and full capsids revealed that the DNA might be in intimate contact with the globules in the virus (Fig. 5) .
It has been suggested for other parvoviruses that the Nterminal domains of VP1 and VP2 escape via the channels at the fivefold symmetry axes of the capsids (11, 56) . Mutation of several conserved channel-forming amino acids prevents exposure of VP1 N termini and leads to the strongly reduced infectivity of AAV-2 (6). Based on the atomic model and assuming no conformational change of the VP3 backbone, our molecular dynamic simulations have shown that the passage of the VP1 N termini is in principle possible but requires the unfolding of the PLA 2 domain (Fig. 6E) . Spatial considerations lead to the assumption that only one N-terminal domain can penetrate one channel. This accounts for a maximum of 12 N-terminal domains (either VP1 or VP2) which can be released via the 12 channels. At the reported molar ratios of VP1:VP2:VP3 of 1:1:10 (28), the expected copy number of VP1 and VP2 is five copies each. Accordingly, the 12 channels would be sufficient to allow a complete release of all N-terminal domains of VP1 and VP2. It has been shown already that N-terminal extensions of VP2 of up to 30 kDa do not prevent capsid assembly and these extensions were detectable on the capsid surface by means of immuno reactions (57) . The limited size of the channel at the fivefold symmetry axes makes it unlikely that the VP2 N terminus containing large folded domains transits the channel unless it becomes transiently unfolded. Alternatively, it might be that the N terminus and the insertion already become exposed during assembly.
In the mutants, the disappearance of the globules is coupled to a narrowing of the entrance to the channels on the inner surfaces of the capsids (Fig. 1F) . A similar narrowing also occurred in full virus particles after heat shock (Fig. 4C) . Interestingly, this region is also the region which, apart from the globules, differed most between the atomic model (64) and the image reconstruction of the empty capsid ( Fig. 6A and B) . Additionally, the highest temperature factors are reported for the residues forming the outer part of the channel. The narrower channel observed in the atomic model seemed more similar to the capsid structures where the globules were not observed. Preparation of capsids by repeated cesium chloride gradient fractionation and possible stress conditions during crystallization could have an influence on the localization of the flexible N termini within the capsid. This leads to the assumption that some rearrangement in the channel structure might facilitate the passage of the N-terminal domain. Unfortunately, it is unknown for the capsids used to calculate the atomic model whether the N termini of VP1 and/or VP2 are accessible on the outside.
In conclusion, we have provided the first structural insights into the underlying conformational changes by which the Nterminal domains of VP1 and possibly also VP2 can become accessible on the outsides of AAV-2 capsids. Such an alteration of accessibility is shared by most of the other parvoviruses and plays a major role in infectivity. It remains to be shown how, when, and where in the infection process the PLA 2 domain becomes exposed by a conformational change of the capsid. It has recently been shown that, already 2 h after infection with CPV VP1, N termini are detectable by indirect immunofluorescence in a perinuclear compartment (51) . Ongoing work suggests that the conformational change is indeed a prerequisite for efficient infection with AAV-2. This will pave the way to design more accurate experiments to probe the release of the N-terminal domains in vivo and in vitro.
